~" The longitudinal elasticities of the dog spinal cord, pia, and denticulate ligaments were obtained by measuring the load-elongation curves. Both pia and denticulate ligaments were moderately elastic, but the spinal cord substance showed an upward curve, which indicated a predominantly viscous character. In situ, the spinal cord and pia were moderately strained. A 40-mm segment of the cord with dorsal and ventral roots severed and denticulate ligaments removed became 1 mm shorter when the cord and pia were transected at both ends. It was estimated that the cord and pia in situ were stressed by a force of 2 to 3 gm, the denticulate ligaments with 3 to 5 gin, and the dura with 50 to 70 gm. The elastic moduli of the spinal cord substance were 1.68 • l0 s dynes/sq cm for loading between 5 and 10 gm and 1.19 • l0 s dynes/sq cm between 30 and 35 gm.
XPERIMENTAL trauma of the spinal cord has been investigated in animals by means of dropped weights, 1~ compression, is and transection.' In none of the studies have the static or dynamic mechanical properties of the dura and cord been examined. In human cadavers 6 to 48 hours after death, Breig 1 studied the displacements of the dura and cord in situ for various positions of flexion and extension of the vertebral column. In a recent paper by Tunturi, TM the static elastic property of the spinal cord dura was reported for the dog. It was found that transection of the dura placed a considerable strain on the intact spinal cord, because of the inherent strain of the dura itself. Sources of the strain on the dura were identified as the attachments of the spinal nerve dural sheaths to the vertebrae and of the dura to the occiput. For light loads up to 50 gm, the dural elasticity was due to elastic fibers, and for heavy loads from 50 to 250 gm, the elasticity was due to collagenous fibers.
The present investigation examines the static elasticity of the cord, pia, and denticulate ligaments combined, and each one alone, and the stress of the pia and denticulate ligaments exerted on the cord. The purpose was to define the static mechanical properties of the cord and its coverings, which will be used as a basis for studies of their dynamic mechanical properties after subjecting the cord to static and kinetic forces. Similar forces are exerted on the cord during normal movement, locomotion, and violent deformation of the spinal column due to accidents.
Methods and Materials
The dogs were anesthetized with pentobarbital sodium. The skin of the back was incised and the muscles of the back were separated from the vertebral spines and laminae. A laminectomy was performed over the vertebral levels of interest. In a few experiments the animal was given an overdose of the anesthetic and the experiments were performed within 1 hour of death. This allowed a more complete exposure of the dura and cord from occiput to filum terminale. The elasticity of the dura, pia, and denticulate ligaments was preserved by spraying the tissue with Ringer's solution.
Histological Preparation
Pieces of the denticulate ligaments and pia were removed from the cord and placed in phosphate-buffered 10% formalin for a period of 2 weeks. Longitudinal frozen 20-urn sections were stained with orcein and aniline blue, dehydrated, cleared, and mounted on slides with Permount and a cover slip. A whole mount of the pia was prepared by directly staining a 1-sq cm piece and teasing it fiat on a slide.
Demonstration o f Elasticity in Situ
The strain in the denticulate ligaments was demonstrated by transection of the ligament and its attachment to the dura and cord at various locations. The source of stress on the cord was identified by severing in various sequences the nerve roots, the denticulate ligaments, pia, and cord.
Incremental Elasticity
Non-elastic threads were tied to both ends of a 12-cm segment of cord, pia, and denticulate ligaments. One thread was fastened solidly to a vertebra, and the other thread was passed over a pulley and fastened to a balance. The specimen was sprayed with Ringer's solution to keep it moist. The initial length of the tissue was measured between the knots of the two threads or between marks made with tattoo ink. The increased length was then measured for loads beginning with a 1-gm load and adding 5-gm loads until rupture occurred. The incremental increases in length were calculated and plotted. Elastic moduli were determined from the plotted data. Incremental increases in length and elastic moduli were similarly determined for the denticulate ligament, pia, and cord separately. The pia and its loose connective tissue were easily stripped from the cord after a longitudinal incision.
Results

Histological Appearance
The ligament had a central bundle of collagenous fibers which were relatively straight in both stretched and unstretched conditions. The bundle was sparsely wrapped with fine elastic fibers running principally parallel with the collagenous fibers. The framework of the pia, when viewed as a whole mount, consisted of small bundles similar to the denticulate ligaments and individual fibers, some staining blue for collagen and others pink for elastin. The bundles and single fibers were loosely woven into a reticular pattern. The framework contained an abundance of small arteries and veins, branching into smaller vessels until they abruptly terminated. Frozen longitudinal sections of the pia revealed similar composition and pattern.
Elasticity of Denticulate Ligament in Situ
The denticulate ligament was severed midway between its attachments to the dura. The ends of the ligament immediately separated by 2 to 3 ram. Neither transection of the attachments to the dura nor dissection of the ligament from the cord for a distance of 12 cm increased the separation of the two ends.
When the cord and pia were transected without cutting the denticulate ligaments, the cord separated about 0.25 to 0.5 mm. Upon cutting the denticulate ligaments, the cord separation increased to between 2.5 and 3 mm.
Elasticity of Cord and Pia in Situ
A 4-cm length of spinal cord was exposed from T-9 to T-12. A series of equally spaced transverse lines were placed on the pia with tattoo ink (Fig. 1) . The following procedures were made in sequence bilaterally: 1) nerve rootlets were cut from T-9 to T-12; 2) the denticulate ligaments were severed just caudal to dural attachments at T-12 and just rostral at T-9; 3) the denticulate ligaments were detached from the dura at T-9, T-10, T-11, and T-12; 4) ligaments were separated from the cord from T-9 to T-12. The length of the cord between T-9 and T-12 (4 cm) increased about 0.5 mm during the manipulation but returned to its original length after Step 4. When the cord was transected at T-11, the segment rostral to the transection, from T-11 to T-9, was retracted 1.5 mm rostrally, and the cord caudal to the transection was retracted 2.6 mm caudally. Transection of the cord at T-9 caused the rostral cord to retract 1.5 mm rostrally. The 4-cm isolated piece of cord was 1 mm shorter than its original length (Fig. 2) .
Incremental Elasticity
The incremental elasticity is shown in Fig.  3 . The combined denticulate ligament, pia, and cord increased rapidly in length with loads up to 6 gm. This was followed by a less rapid increase to 111 gm with rupture at 125 gm.
The denticulate ligament increased in length with load to 5 gm, followed by a less 0.20/[ /Rupture ~' "~Dum (Tunturi 1977 rapid increase to 100 gm. The pia increased slowly in length from 0 to 50 gm. At 50 gm and above, the pia began to yield with a rapid increase until rupture. The spinal cord showed an upward concavity in its incremental elongation for loads of 0 to 50 gm. At 50 gm, the columns of white matter began to split longitudinally and to separate from each other by shearing until rupture occurred. The elastic moduli were 1.68 X 105 dynes/sq cm for loading between 5 and 10 gm and 1.19 x 105 dynes/sq cm between 30 and 35 gm.
Discussion
The elasticity of the dog spinal cord and its investments was found to be primarily due to the denticulate ligaments and pia. The elasticity of the denticulate ligament for small loads (0 to 5 gm) was due to elastic fibers, and for large loads (5 to 100 gm) to its central core of collagenous fibers. The elasticity of the pia appeared to be due to a collagenous type of elasticity for loads of 0 to 50 gm. Part of its elasticity may have been due to the reticular weave of its fibers. The elasticity of the combined spinal cord, denticulate ligaments, and pia could be attributed mainly to the elasticity of the denticulate ligaments and pia.
The spinal cord, with the pia stripped from it, gave an entirely different form of curve, concave upward, that was generally associated with viscous flow. Undoubtedly the vessels, gila, axons, and sheaths contribute a minor component of elasticity, but this was overshadowed by the viscosity.
Despite the viscous nature of the cord substance, its elastic modulus could still be calculated from the load-elongation data. For loads between 5 and I0 gm, and 30 and 35 gin, the elastic moduli were 1.68 x 105 and 1.19 x 105 dynes/sq cm, respectively. These were well below the moduli for elastic (3 X 108 dynes/sq cm) and collagenous (1 x 109 dynes/sq cm) connective tissue. ~' 3,5 Tunturi TM found that the dura of the dog had two distinct components of elasticity. For the small loads (0 to 50 gm) and large extensions, the elasticity was due to elastic fibers with E = 4 • 106 dynes/sq cm, and for large loads (50 to 150 gm) and small extensions, the elasticity was due to collagenous fibers with E = 5 X l0 s dynes/sq cm.
Ommaya a critically reviewed the limited research on mechanical properties of the nervous system. Metz, et al./used an ingenious pressure device for measurement of elasticity of nerve tissue in the cerebral hemispheres. They obtained a concave curve for the "pumping" modulus. The modulus in these experiments varied from 1.5 X 105 to 3.5 X 105 dynes/sq cm, which were in relatively close agreement with the moduli obtained in the present experiments for the spinal cord substance.
Breig 1 studied several passive mechanical features of the dura and spinal cord in human cadavers 6 to 48 hours after death. The length of time after death and the cooling may have altered the physical properties of the cord in his experiments. He observed that ventroflexion of the head increased the stress on the dura and cord, while dorsi-extension diminished it. He found that transection of the dura caused a minimum separation of 2 mm and a maximum separation of 7 mm. In contrast, Tunturi TM demonstrated a 30-mm separation of the dura in the anesthetized dog or within 1 hour after sacrifice.
Breig 1 measured the load-elongation curves of spinal cords from human cadavers. The curves were concave upward, similar to the curves obtained for the dog spinal cord substance. Both sets of data suggest a viscous nature.
The problem of elasticity is very complex, especially where high polymers and mixtures of tissue are concerned. Love's theory of elasticity ~ was developed for simple uniform molecular structures, but has been extended to structured tissue components such as silk, wool, and collagen by Meyer) Meyer also discussed the theory of viscosity or plasticity.
From the present experiments, it was concluded that the spinal cord substance of the dog (at T-9) was only moderately strained. A 40-mm pia-covered segment of cord was only 1 mm shorter when detached from the denticulate ligaments. Similarly, a transection of cord and pia caused a separation of less than 1 mm. The 2-to 3-mm separation of the cord and the denticulate ligament caused by transection of the denticulate ligaments was due to release of the strain in the ligaments, thereby causing the denticulate ligaments to retract the cord and pia.
In conclusion, the dog dura was held in a stretched position with a force of 50 to 70 gm. The denticulate ligament was stretched with a force of 3 to 5 gm. The pia was maintained in a moderately stretched state by a force of 2 to 3 gm.
